Considerable efforts are currently devoted to understanding the regulation of primary carbon metabolism in plant leaves, which is known to change dramatically with environmental conditions, e.g. during light/dark transitions. Protein phosphorylation is believed to be a key factor in such a metabolic control. In fact, some studies have suggested modifications in the phosphorylation status of key enzymes in the dark compared with the light, or when photosynthesis varies. However, a general view of the phosphoproteome and reciprocal alterations in both the phosphoproteome and metabolome under a wide spectrum of CO 2 and O 2 conditions so as to vary both gross photosynthesis and photorespiration is currently lacking. Here, we used an instant sampling system and strictly controlled gaseous conditions to examine short-term metabolome and phosphoproteome changes in Arabidopsis rosettes. We show that light/dark, CO 2 and O 2 mole fraction have differential effects on enzyme phosphorylation. Phosphorylation events that appear to be the most important to regulate metabolite contents when photosynthesis varies are those associated with sugar and pyruvate metabolism: sucrose and starch synthesis are major phosphorylation-controlled steps but pyruvate utilization (by phosphoenolpyruvate carboxylase and pyruvate dehydrogenase) and pyruvate reformation (by pyruvate orthophosphate dikinase) are also subjected to phosphorylation control. Our results thus show that the phosphoproteome response to light/dark transition and gaseous conditions (CO 2 , O 2 ) contributes to the rapid adjustment of major pathways of primary C metabolism.
Introduction
It is now about 30-40 years since the first comprehensive reviews on plant protein phosphorylation were published, pointing out its roles in the response to environmental conditions and cell signaling (Trewavas 1976, Ranjeva and Boudet 1987) . Key enzymes of photosynthetic CO 2 fixation have been found to be phosphorylated, such as ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco; Soll and Buchanan 1983, Guitton and Mache 1987) , Rubisco activase (RCA; Boex-Fontvieille et al. 2014a) , sucrose phosphate synthase (SPS; Huber and Huber 1996) or phosphoenolpyruvate carboxylase (PEPC; . Nevertheless, the significance and the effective impact on metabolism of such phosphorylation/dephosphorylation events remain partly uncertain. For example, the role of Rubisco phosphorylation is presently unknown despite a possible role in the dissociation of subunits (Aggarwal et al. 1993) and, to our knowledge, the effect of RCA phosphorylation on activity has not yet been tested in vitro. SPS and PEPC phosphorylation have been more extensively characterized. PEPC phosphorylation has been studied in C 3 , CAM and C 4 plants, and key regulating phosphosites have been identified and shown to play a role in regulating PEPC activity (for a review, see Vidal et al. 2002) including in the light/dark transition in C 3 plants (Li et al. 1996) . In CAM and C 4 plants, phosphorylation is believed to affect sensitivity to malate back-inhibition (Jiao and Chollet 1991) . SPS is associated with important phosphosites (e.g. Ser158 in spinach) that are believed to inhibit enzymatic activity . However, it is worth noting that the differential effect of phosphorylation on the various SPS isoforms is poorly documented.
The light/dark transition has an effect on protein phosphorylation which in turn controls sugar metabolism and glycolysis (Budde and Randall 1990) . In illuminated leaves, the glycolytic flux from triose phosphates in the cytoplasm is inhibited by a decrease in fructose-2,6-bisphosphate content, thus favoring the conversion of fructose-1,6-bisphosphate to fructose-6-phosphate and then to sucrose. Fructose-2,6-bisphosphate is in turn synthesized by phosphofructokinase 2 which is believed to be controlled by several phosphosites (Nielsen et al. 2004 , Boex-Fontvieille et al. 2014b . SPS is activated by dephosphorylation which is in turn catalyzed by SPS phosphatase thus promoting sucrose production in the light (Weiner et al. 1992) .
In an effort to better understand general phosphorylation patterns, a considerable number of phosphoproteomics analyses have been carried out in Arabidopsis over the past 10 years, thus providing a huge amount of candidate phosphosites in many proteins (see, for example, Reiland et al. 2009 ). A phosphopeptide database (PhosphAt, http://phosphat.unihohenheim.de/) has been set up and described (Heazelwood et al. 2008 , Durek et al. 2010 . However, most phosphoproteomics analyses have been conducted to disentangle signaling pathways or identify conserved phosphorylation motifs (see, for example, de la Fuente van Bentem and Hirt 2007 , Nakagami et al. 2010 , Van Wijk et al. 2014 ) and, unfortunately, the effect on the leaf phosphoproteome of changing natural environmental conditions has not been explored to a great extent. Therefore, a comprehensive picture of phosphosites of importance in adjusting primary carbon metabolism when the rate of CO 2 fixation varies is still lacking. In fact, phosphoproteomics studies have addressed oxidative stress (de la Fuente van Bentem et al. 2008) , sucrose deprivation in liquid-cultured seedlings (Niittylä et al. 2007 ) and nitrogen and iron deficiency (Wang et al. 2012 , Lan et al. 2012 , but the effect of variations in common parameters (such as CO 2 and O 2 mole fraction) that directly affect photosynthesis has been mostly overlooked. In a previous study, we conducted phosphoproteomics analyses on Arabidopsis rosettes in the light and in the dark at different CO 2 mole fractions and showed that major changes in phosphorylation of enzymes involved in cellulose synthesis and sucrose metabolism occurred: in fact, it was demonstrated that light-to-dark and low-to-high CO 2 transitions lead to changes in phosphorylation of specific cellulose synthase isoforms (CESA1, 3, 5 and 6), SPS, cytosolic invertase, fructose-2,6-bisphosphatase and raffinose synthase, thereby explaining changes in soluble sugar content and cellulose deposition assayed with 13 C labeling (Boex-Fontvieille et al. 2014b ). However, little is known about whether CO 2 /O 2 conditions, which drive major changes in the rate of photosynthesis, have an effect on phosphorylation patterns in enzymes of pathways other than sugar metabolism. A number of phosphosites have been described in the mitochondrial proteome, including two respiratory enzymes (Ito et al. 2009 ) and several photorespiratory enzymes ), but their possible variations with environmental conditions has not been documented.
To address this issue, we conducted phosphoproteomics analyses of Arabidopsis rosettes (Col-0 accession) either in the dark or in the light under a range of CO 2 /O 2 conditions. In this way, we were able to explore phosphorylation changes when photorespiration (Rubisco-catalyzed oxygenation) was varied between 0 and >100% of carboxylation. In addition, metabolic profiling by gas chromatography coupled to mass spectroscopy (GC-MS) was carried out on the same samples so as to investigate possible correlations between the phosphoproteome and metabolome, using either univariate or multivariate analyses. Our data suggest significant changes not only in sugar metabolism but also in phosphorylation of enzymes involved in (phosphoenol)pyruvate metabolism, thereby contributing to better understand the regulation of catabolism in illuminated leaves.
Results

Photosynthesis and metabolites
Net photosynthesis, carboxylation and photorespiration (oxygenation) are shown in Fig. 1A . As expected, net CO 2 exchange was negative in the dark (night respiration), and increased as the CO 2 /O 2 ratio increased. Calculations from net assimilation and c i (intercellular CO 2 mole fraction) show that ribulose-1,5-bisphosphate (RuBP) oxygenation by Rubisco progressively decreased from about 7 mmol m À2 s À1 at 100% O 2 to nearly zero in 0% O 2 . It should nevertheless be noted that in practice, rosettes were not strictly at 0% O 2 since photosynthesis evolves oxygen. Under our conditions (flow and photosynthesis rate), the oxygen mole fraction was about 0.02% (200 mmol mol
À1
). Unsurprisingly, there was an increase in sucrose and fructose-6-phosphate content ( Fig. 1B ; mostly at high CO 2 and low O 2 ) and a decrease in photorespiratory intermediates glycine and serine (Fig. 1C, D) as CO 2 /O 2 increased. There was also an increase in proline and pyruvate (Fig. 1D, E) , while the malate content appeared to be rather variable (Fig. 1E ). An analysis of variance (ANOVA) was conducted to identify metabolites that were significantly affected by darkness and/or gaseous conditions ( Supplementary Fig. S1 ). Significant metabolites could be subdivided into three groups by hierarchical clustering: metabolites that were specifically increased at 0% O 2 (proline, alanine, pyruvate and sucrose), metabolites that were increased at high photorespiration (100% O 2 and low CO 2 ) (in particular, glycine, serine and glycolate) and metabolites that were less abundant in darkness as well as at 0 and 100% O 2 (including glucose, fructose, trehalose, myoinositol and gaminobutyrate).
Detected phosphopeptides associated with primary carbon and nitrogen metabolism
The phosphoproteomics analysis allowed the detection and quantification of 2,057 phosphopeptides (representing 1,044 individual proteins), among which 7.6% were associated with enzymes in primary carbon metabolism ( Supplementary Fig.  S2 ). The list of such phosphopeptides is provided in Table 1 and Supplementary Table S1 , and some of them are illustrated in Fig. 2 . Phosphopeptides associated with sugar metabolism (including SPS isoforms, Fig. 2C ) represented the largest proportion of them. Apart from glycolate oxidase (GOX1; At3g14420) and serine hydroxymethyl transferase (SHMT1; At4g37930), there was no other phosphopeptide associated with photorespiration. Phosphorylation sites detected in this work are already present in the international phosphopeptide database PhosphAt (http://phosphat.uni-hohenheim.de/) or have been reported previously (Ito et al. 2009 , BoexFontvieille et al. 2014b ). In particular, phosphosites in enzymes associated with cellulose synthesis were found here (cellulose synthase like CSL-C4), but no phosphopeptide associated with cellulose synthases themselves was detected.
Proteome analysis
In order to check whether changes in phosphopeptide abundance were not due to changes in total protein abundance, we carried out an analysis of total peptides (see the Materials and Methods). A total of 1,325 proteins were identified and 626 of them met the criteria for quantification. The average relative variation between samples and conditions in protein content was only 22% (median value of 16%), showing that protein abundance was rather constant between conditions (in contrast to significant phosphorylation changes that are about 10-fold). Ten proteins exhibited a fold-change >2. Amongst these, only two had significant (P < 0.01) changes with conditions: succinyl-CoA ligase (At2g20420) and glutathione S-transferase (At4g02520). A general analysis of protein abundance using an ANOVA was performed using log 10 -transformed values of protein abundance and a P-value threshold of 5% ( Fig. 3 ) so as to facilitate the examination of differences between conditions. Using a hierarchical clustering, proteins could be subdivided into three groups. (i) Proteins that were more abundant in both 100% O 2 and under 'ordinary' conditions (380mmol mol À1 CO 2 , 21% O 2 in the light). These included alanine aminotransferase (At1g17920), glutamate dehydrogenase (At5g18170) and acetyl-CoA synthetase (At5g36880). (ii) Proteins more abundant at 100% O 2 . These included aldolase (At2g01140), alanine glyoxylate aminotransferase (At2g13360), aspartate aminotransferase (At4g31990 and At2g22250) and succinyl-CoA ligase (At2g20420). (iii) Proteins less abundant at 100% O 2 . These included methionine synthase 2 (At3g03780), serine hydroxymethyl transferase (At4g13930), cytoplasmic phosphoglucomutase (At1g70730), chloroplastic glyceraldehyde-3-phosphate dehydrogenase (At1g12900) and two enzymes of starch metabolism, ADP-glucose pyrophosphorylase (At5g19220) and disproportionating enzyme (At2g40840). Only three proteins that had a detectable phosphopeptide (Table 1 ) were found to have varying total abundance (Fig. 3 , colored dots): acetyl-CoA synthetase (At5g36880), methionine synthase 2 (At3g03780) and chloroplastic glyceraldehyde-3-phosphate dehydrogenase (pGAPDH-2; At1g12900). None of these was found to exhibit phosphosites varying significantly (P > 0.05) between conditions ( Table 1) . Taken as a whole, under our conditions, the variation in phosphopeptide abundance (as described below) was not due to changes in total protein content. . In all cases, data shown are the mean ± SE (n = 3). The full metabolomics pattern is given in Supplementary Fig. S1 . 
Phosphoproteomics pattern
The effect of gaseous conditions (in the light) and darkness (under ordinary gaseous conditions) was examined separately. The effect of the CO 2 /O 2 ratio in the light was quantified using a score (referred to as S) that equals the logarithm of the Pvalue for CO 2 and O 2 effects (using an ANOVA) times the correlation coefficient (R) between the CO 2 /O 2 ratio and Phosphopeptides are listed by functional groups (alphabetical order). The proportion of missing data (in %) in the data set is shown (MD). Phosphopeptides with >20% missing data (not detected in > 20% of the sample set) were not considered here. Phosphopeptides associated with photosynthetic electron chain and phosphopeptides occasionally detected (missing data >20%) are listed in Supplementary Table S1 .
The P-value associated with the light/dark effect (L/D) is indicated. The CO 2 /O 2 effect is indicated with: (i) the variable importance for the projection in the OPLS analysis (VIP) with CO 2 /O 2 as the Y-variable (to be discriminated); (ii) the combined P-value for CO 2 and O 2 effects; (iii) the Pearson correlation coefficient (R) with v c /v o ; and (iv) the overall score S = jRÂVIPÂlog 10 (P-value)j. Abbreviations: SAM, S-adenosylmethionine; Meh-THF, methylene tetrahydrofolate. The phosphorylated residue is shown in parentheses with a lower case p, in bold, or when two indistinguishable phosphosites occurred, with lower case bold characters without p. Numbers in bold emphasize significance (light/dark effect) and best scores (i.e. S > 1; CO 2 /O 2 effect). and (E), the two different proteins are differentiated with filled and open symbols. In (C), the different phosphopeptides associated with SPS isoforms are differentiated using three colors: mostly invariant (white), decreasing (gray) and increasing (black). Abbreviations are as in Table 1 . phosphopeptide abundance, multiplied by the VIP value (variable importance for the projection) along an OPLS analysis that used the CO 2 /O 2 ratio as the discriminating variable (Yvariable) ( Table 1 , right). In this way, phosphosites that were closely coupled (correlated or anticorrelated) to photosynthesis should have a large score: commonly used threshold values for R, -log 10 (P) and VIP of 0.5, 2 and 1, respectively, mean that the score should be considered to be significant when >1. Only five enzymes had phosphorylation that appeared to be strictly coupled to photosynthesis (Table 1; Fig. 2 ): delta 1-pyrroline-5-carboxylate synthetase (At2g39800; an enzyme of proline synthesis), cellulose synthase-like C4 (At3g28180), sucrose (Fig. 2) , except for SPS that showed both correlated (black, Fig. 2C ) and anticorrelated (gray, Fig. 2C ) phosphosites. Despite a low score, pyruvate orthophosphate dikinase (PPDK; At4g15530) exhibited a phosphopeptide with significantly lower abundance at low CO 2 (100mmol mol À1 CO 2 ) (Fig. 2B) . Also, despite a low score, pyruvate dehydrogenase (PDH, subunit E1; At1g24180) had low phosphopeptide abundance in 0% O 2 , reflecting the specific effect of low oxygen on respiration.
The light/dark effect was examined using the P-value of a Student-Welsh test ( Table 1) . Several phosphopeptides were significant (with P < 0.05) including in sugar metabolism (SPS), N metabolism (nitrate reductase 2), glycolysis [fructose-2,6-bisphosphatase (At1g07110), phosphoglyceromutase (At1g09780), plastidic phosphoglucomutase (pPGM1; At5g51820) and pyruvate metabolism (PPDK, phosphoenolpyruvate carboxylase 1 and 2; At1g53310 and At2g42600) and PDH]. Other phosphosites associated with glycolytic enzymes were nearly significant (P < 0.06): plastidic pyruvate kinase (At5g52920) and a 2-phosphoglycerate kinase-related protein (At5g61450).
Correlation between the phosphoproteome and metabolome
The possible relationship between the metabolome and phosphoproteome was investigated using both univariate (Pearson correlation matrix) ( Fig. 4; Supplementary Fig. S3 ) and multivariate (O2PLS) analyses (Fig. 5) . Despite some variability, the univariate analysis indicated that phosphopeptides could be subdivided into six groups, among which phosphopeptides associated with enzymes of primary C and N metabolism were distributed. In summary, 'primary C/N assimilates' (sucrose, glutamine, alanine and pyruvate) appeared to be correlated to phosphorylation of chloroplastic, photosynthesisrelated proteins pPGM1 and thioredoxin-h 9 (At3g08710), and anticorrelated to phosphorylation of PDH and the Rieske FeS centre of Cyt b 6 /f (PETC; At4g03280). Both 'primary C/N assimilates' and hexoses were correlated to phosphorylation of enzymes of sugar metabolism (b-amylase At3g23920 and SPS-1F) and anticorrelated to phosphorylation of other SPS isoforms. Two key enzymes of photosynthetic metabolism, pGAPDH-2 and transketolase (TKL1; At3g60950), were positively related to sugar derivatives, hexoses and primary assimilates.
The multivariate analysis yielded comparable results, but with some differences: the cytosolic invertase phosphopeptide (cINV1; At1g35580) correlated to free hexoses and anticorrelated to sucrose, and a reverse pattern occurred for PPDK, Rubisco (small subunit, isoform A1; At1g67090) and tonoplast monosaccharide transporter 1 (TMT1; At1g20840) phosphorylation (Fig. 5, red arrows) . It is noteworthy that alanine and pyruvate were clearly anticorrelated to PDH phosphorylation (opposite positions in Fig. 5 ).
Discussion Sugar metabolism and photosynthesis
Several key enzymes associated with major sugar metabolism are known to be phosphorylated, thereby regulating their activity (see also the Introduction). This is the case for SPS, which has different phosphorylation patterns in various isoforms. In fact, SPS has been demonstrated to be inhibited by phosphorylation at Ser158 in spinach (Ser152 in Arabidopsis SPS-1F, also referred to as SPS A1) Huber 1990, Toroser and Huber 1997) . Phosphorylation at other sites has been observed in a number of cases, but it has been assumed to be unrelated to regulatory functions (Huber and Huber 1996) . It has been shown that SPS-1F phosphorylation at site IN(s)AE(s)ME (Ser152/155) increases under conditions that promote photosynthesis while phosphorylation at site DI(pS)LN (Ser700) follows a reverse pattern (Boex-Fontvieille et al. 2014b ). The phosphosite IN(s)AESME (Ser152) was only occasionally observed here (Supplementary Table S1 ) and phosphorylation at site DN(pS)EP (Ser684) was found to be positively correlated to CO 2 /O 2 with a correlation coefficient of + 0.85 (Table 1) . Also, both phosphorylation sites IR(pS)EM (Ser180) and Fig. 4 Summary of correlations between metabolites and phosphopeptides using Pearson correlation coefficients. The correlation pattern is here simplified into groups to facilitate the reading. Black, positive correlation, white, negative correlation (anticorrelation). The figure includes phosphopeptides that had a correlation coefficient R >0.7 for at least one of the metabolites; the other phosphopeptides have been discarded. For abbreviations, see Table 1 and  Supplementary Table S1 . See Supplementary Fig. S3 for the complete correlation heat map. In this figure, the term 'primary assimilates' encompasses sucrose, raffinose, glutamine, alanine and pyruvate. SD(pS)LR (Ser717) in SPS-4F (also referred to as SPS C) have been shown to be anticorrelated with photosynthesis (BoexFontvieille et al. 2014b ) and this is also the case here, with a correlation coefficient with CO 2 /O 2 of -0.83 and -0.84 (Table 1) . Sucrose synthesis occurs in both light and dark, from triose-phosphates and starch as a carbon source, respectively. We suggest that when photosynthetic conditions vary, the effect on carbon allocation to sucrose (Fig. 1B) is dictated by both SPS-1F (darkness and low photosynthesis) and SPS-4F (high photosynthetic activity) via opposite phosphorylation tendencies, as suggested by the correlation analysis (Fig. 4) .
Phosphorylation of cytoplasmic ADP-glucose pyrophosphorylase (AGPase) at site RV(pS)SF (Ser217) also appeared to be anticorrelated to photosynthesis (correlation coefficient with CO 2 /O 2 of -0.93) ( Table 1) . This phosphorylation site has been observed previously (Boex-Fontvieille et al. 2014b ) and suggested to be the substrate of CKII (casein kinase II) by Reiland et al. (2009) . The tight correlation to CO 2 /O 2 is surprising since cytoplasmic activity plays a role in starch production in storage organs and grain endosperm rather than in leaves (for a review, see Fernie and Willmitzer 2004) . It is possible that cytoplasmic AGPase participates in ADP-glucose synthesis in a photosynthesis-dependent manner and is involved in other pathways, including a futile cycle of ADP-glucose synthesis and degradation via ADP-glucose pyrophosphatase (AGPP Nudix hydrolase) which has been found in Arabidopsis (Muñoz et al. 2006) .
Several other enzymes of sugar metabolism showed phosphorylation changes in darkness compared with the light, such as cytosolic invertase 2 (cINV2), plastidic phosphoglucomutase (pPGM1) and fructose-2,6-bisphosphatase (F2KP), with Pvalues <0.01 (Table 1) . Also, b-amylase and cytoplasmic invertase 1 (cINV1) showed a positive correlation with free sugars and an anticorrelation with sucrose (Fig. 5) . A rather similar pattern has been found previously (Boex-Fontvieille et al. 2014b ). In mammals, F2KP and PGM phosphorylation is believed to Fig. 5 Multivariate analysis of the correlation between metabolome (Y-variable) and phosphoproteome (X-variable) using O2PLS (bi-dimensional orthogonal projection on latent structures). This figure represents the loading plot showing the weight of phosphopeptides (green) and metabolites (blue) in the composition of the two first principal components of X and Y, respectively. Phosphopeptides with a low variable importance for the projection (VIP <1) in the complete model (i.e. when all of phosphopeptides are used) have been eliminated and the statistical model has been recomputed to facilitate the reading and increase the robustness. Phosphopeptides associated with metabolism are shown with red arrows. Metabolites mentioned in the main text are labeled with a red frame. For abbreviations, see Table 1 and Supplementary  Table S1 .
be of importance in regulating sugar utilization by glycolysis (Hu and Rider 1987, Gururaj et al. 2004 ). There are, however, few data in the literature on the effective effect of these phosphorylation sites on enzyme activity in plants (Nielsen et al. 2004 ). Also, we find here a phosphosite in the cytoplasmic thioredoxin-h 9, which is believed to be involved in the control of the photosynthetic machinery (Buchanan and Balmer 2005) and/or cell-cell communication (Burch-Smith and Zambryski 2012). It was correlated to sucrose in the multivariate analysis (Fig. 5) but, to our knowledge, the role of phosphorylation of thioredoxins (known for decades in Escherichia coli; Conley and Pigiet 1978) in regulating photosynthesis is not documented.
Catabolism and N assimilation
Our data show a significant light/dark effect on phosphosites associated with enzymes of pyruvate metabolism: PDH, PPDK and PEPC (Table 1, summarized in Supplementary Fig. S5A ).
Both PEPC and PDH appeared to be more phosphorylated in the light (except in 0% O 2 for PDH) than in darkness. These phosphorylation events are well documented. First, the PDH is inhibited by phosphorylation in the light (Tovar-Mendez et al. 2003) , thereby contributing to lower respiration (CO 2 evolution) rates in the light compared with the dark (Tcherkez et al. 2012) . Secondly, PEPC activity is believed to be up-regulated by phosphorylation , Gousset-Dupont et al. 2005 and in Arabidopsis rosettes, impeding PEPC phosphorylation (using ppck1 insertion mutants) has been shown to alter both organic acid and sugar accumulation (Meimoun et al. 2009 ). It is noteworthy that PDH phosphorylation decreased considerably at 0% O 2 , suggesting that the inhibition of respiration by low oxygen stimulated PDH activity, probably reflecting the onset of substrate-level ATP generation rather than oxidative phosphorylation, as suggested by the accumulation of alanine and pyruvate ( Supplementary Fig. S1 ). In fact, the pyruvate to alanine ratio also changed significantly, suggesting an increase in the commitment to pyruvate amination ( Supplementary Fig. S5B ), i.e. an increase of pyruvate recycling to alanine at the expense of utilization by the tricarboxylic acid (TCA) cycle at low oxygen.
PPDK activity has been demonstrated to be more active in the light compared with the dark (Tcherkez et al. 2011 ) and a stimulation of the leaf enzyme by dephosphorylation in the light has been demonstrated (Chastain et al. 2002, Chastain and Chollet 2003) . Here, we further show that there is a specific effect of low CO 2 mole fraction, which caused a considerable dephosphorylation (Fig. 2B) and thus stimulated the enzyme. As a matter of fact, enzymatic activity was measured using aliquots of the same samples, and PPDK activity tended to be higher at low CO 2 (Supplementary Fig. S4 ). This also agrees with the fact that minimal pyruvate content was observed at low CO 2 (Fig. 1E) , possibly suggesting that the regeneration of phosphoenolpyruvate (PEP) from pyruvate by PPDK was favored, perhaps to sustain PEPC activity at low CO 2 (Turpin et al. 1991) . This would be consistent with the relatively higher metabolic commitment to malate ( Supplementary Fig. S5C ) while the malate content itself increased (Fig. 1) .
Taken as a whole, our data suggest that there was a change in pyruvate metabolism upon light/dark transition and/or when CO 2 /O 2 changed, with concurrent modification of phosphorylation and the metabolome (Table 1; Fig. 5 ; Supplementary Fig. S1 ; see summary in Supplementary Fig.  S5A ). Highly correlative compounds in the phosphoproteomemetabolome multivariate analysis also include sucrose and glucose (Fig. 5) , and this suggests a change in the metabolic commitment to sucrose synthesis. Accordingly, the sucrose to hexose ratio varied significantly, being very high at 100% O 2 and in darkness (Supplementary Fig. S5D ). Modifications of the phosphorylation pattern in cytosolic invertase, SPSs and raffinose synthase have also been found elsewhere, along with an increase of the sucrose to hexose ratio with photosynthesis (Boex-Fontvieille et al. 2014b) .
It should be noted that several metabolites were particularly more abundant at low CO 2 , including O-acetylserine, which can be produced from PEP via 3-phosphoglycerate in the cytoplasm (Rébeillé and Douce 1999) . P5CS1, which catalyzes the committed step of proline synthesis, was found to be significantly affected by light/dark and CO 2 /O 2 ( Fig. 2A) , and the phosphorylation level of P5CS1 was anticorrelated to proline content ( Supplementary Fig. S1 ). The phosphosite described here, NS(pS)FA (Ser79), has already been found (present in the database Phosphat 4.0) but its functional role has never been documented. We suggest here that Ser79 phosphorylation might inactivate P5CS1.
Conclusions
Our data provide compelling evidence that concerted changes at several phosphorylation sites occur when photosynthesis varies, with distinct light/dark and CO 2 /O 2 effects. Despite the detection of phosphopeptides associated with two photorespiratory enzymes (GOX1 and SHMT), no consistent CO 2 /O 2 pattern was seen in the present data. That is, our data did not show a correlation between photorespiratory activity and phosphorylation of these enzymes ( Table 1) , suggesting that such phosphosites were not involved in regulating photorespiration. Multiple phosphorylation sites have been reported in photorespiratory enzymes (reviewed in Hodges et al. 2013 ) but their specific roles are not well documented. Our data show that experiments at varying CO 2 /O 2 are worth conducting to validate or invalidate possible roles in the control of photorespiration.
Our recent studies have shown the effect of light/dark and/ or CO 2 mole fraction in leaves on protein phosphorylation involved in multiple biological processes including in cellulose synthesis and sucrose metabolism , Boex-Fontvieille et al. 2014a , Boex-Fontvieille et al. 2014b . Here, in addition to changes in sugar metabolism and enzymatic commitment to glycolysis, our results suggest that phosphorylation of enzymes associated with pyruvate metabolism also responds to photosynthetic conditions. In illuminated leaves, pyruvate metabolism is constrained by the inhibition of both the PDH and the TCA cycle (Tcherkez et al. 2012 ) and, perhaps, partial inhibition of pyruvate kinase at least in the chloroplast (pPK1 , Table 1 ; for a review, see Tcherkez et al. 2011) . At low CO 2 , the consumption of pyruvate to feed the TCA cycle has been found to increase (Tcherkez et al. 2008 ). The present data further suggest that pyruvate consumption by the PPDK can also play a role by reforming PEP, thus promoting PEPC activity to replenish TCA cycle intermediates.
Materials and Methods
Plant material
After sowing on potting mix, Arabidopsis thaliana (Col-0 accession) plantlets were transplanted to individual pots and grown in a controlled environment (growth chamber) under short-day conditions of 8:16h light/dark at an irradiance of approximately 100mmol photons m À2 s
À1
, 20/18 C day/night temperature, 65% humidity and nutrient solution [1g l À1 supplemented with 20ml l À1 fertoligo L (Fertil)] twice a week.
Metabolomics
Metabolomic analyses were performed as in Bathellier et al. (2009) . Briefly, 20mg of leaf powder from lyophilized leaf samples were extracted with 2ml of methanol:water (70:30, v/v). The supernatant was vacuum dried and chemically derivatized with methoxyamine and MSTFA in pyridine. Ribitol was added as an internal standard, as well as an alkane mix to calibrate the retention index. GC-MS metabolomics analyses were carried out using a Pegasus III GC-TOF-MS system. Peak integration was verified manually for all metabolites to avoid erroneous determinations by the Pegasus software.
Gas exchange and sampling
Photosynthesis and respiration rates were monitored with the gas exchange open system Li-Cor 6400 xt (Li-Cor), under a controlled humidity of 80% fixed with a dew-point generator used as inlet gas), 21% (ordinary air) or 100% (pure O 2 ). Gas exchange was carried out with a purpose-built chamber adapted to three Arabidopsis rosettes connected to the sample channel of the Li-Cor 6400 xt. Air temperature in the chamber was maintained with a water bath. Leaf rosettes were separated from the below-ground part and soil of the pot by a Plexiglass wall (with specific holes for collars) so as to avoid alteration of gas exchange by soil and root respiration. The upper wall of the leaf chamber was made of a tight polyvinyl chloride film allowing instant sampling by liquid N 2 spraying. Photosynthesis was allowed to stabilize under the desired CO 2 and O 2 mole fraction (at 280mmol photon m À2 s À1 PAR) and, after 3h, rosettes were instantly frozen and stored at -80 C for further analyses. Rosettes sampled in darkness were collected after 3h at 380mmol mol À1 CO 2 and 21% O 2 in the light and then 2h of dark adaptation. In (Phospho)proteomics
The protocol used to carry out phosphoproteomics analyses was similar to that previously described (Bonhomme et al. 2012 H 2 O) thereby allowing simultaneous injection of three samples (each sample triplet is referred to as a 'triplex') instead of two. Briefly, protein samples (extracted with trichloroacetate and resolubilized with urea-thiourea) were reduced [10mM dithiothritol (DTT)], alkylated (iodoacetamide) and digested by trypsin (Gold, Promega). Isotope labeling by dimethylation was performed according to Boersema et al. (2009) . The mass shift caused by light, intermediate and heavy dimethylation was +28 Da, +32Da and +36 Da, respectively. A sample made of the mixture of all of the samples was dimethylated (with unlabeled methyl groups) and used as a reference in all triplexes. The use of triplexes thus allowed us to analyze two samples per injection (intermediate and heavy labeling). After being spin-dried and resuspended in acetonitrile/ formic acid solution, peptides were subjected to SCX (strong cation exchange) chromatography. Collected fractions were enriched in phosphopeptides by IMAC (immobilized ion metal affinity chromatography) and then analyzed by nanoLC-MS/MS using a NanoLC-Ultra system (Eksigent). Peptides eluted within the 5-35% region of the acetonitrile gradient were analyzed with a coupled Q-Exactive mass spectrometer (Thermo Electron) using a nano-electrospray interface. Ionization was performed with a liquid junction and a non-coated capillary probe (10mm i.d.; New Objective). Peptide ions were analyzed using Xcalibur 2.3. A 'Top 8' cycle of data-dependent acquisition was used (i.e. the eight major ions detected in each MS spectrum were submitted to MS/MS fragmentation). Resolution for precursors and fragments was set to 70,000 and 17,500, respectively. Collision energy was set at 27% and exclusion time at 40s.
For identification of peptides and phosphorylation sites and quantification, database searches were performed using X!Tandem Sledgehammer (2013.09.01.1) (Craig and Beavis 2004) with the TAIR database (www.arabidopsis.org). Cysteine carboxyamidomethylation and light, intermediate and heavy dimethylation of peptide N-termini and lysine residues were set as static modifications, while methionine oxidation and phosphorylation of tyrosine, serine or threonine residues were set as variable modifications. Mass error tolerance was 10 p.p.m. for precursors and 0.2 Th for fragments. Identified proteins were filtered and grouped using the X!Tandem pipeline v3.3.1 (http://pappso.inra.fr/bioinfo/xtandempipeline/). Relative quantification of non-phosphorylated peptides and phosphopeptides was performed using the MassChroQ software (Valot et al. 2011 ) by extracting ion chromatograms (XICs) of all identified peptides within a 5 p.p.m window and by integrating the area of the XIC peak at their corresponding retention time, after LC-MS/MS chromatogram alignment.
Statistics
Proteomics analyses were carried out three times for each condition (i.e. three biological replicates). In other words, in all cases, data shown are the mean ± SE (n = 3). Peptides considered to vary significantly between photosynthetic (CO 2 / O 2 and/or light/dark) conditions were those with P < 0.05 using crossed Student-Welsh tests (adapted to variables with unequal variance) with Pvalues in bold (Table 1 ) or a one-way ANOVA (Fig. 3) . This value ensured an acceptable false discovery rate (FDR), estimated as in Tan and Xu (2014) , including the Hochberg-Benjamini correction (Hochberg and Benjamini 1990) , over the whole data set (of 2,057 phosphopeptides). The relationship between phosphopeptides (phosphoproteome) and metabolites (metabolome) was examined by two methods: first, using a univariate analysis with a simple correlation matrix (by calculating the Pearson correlation coefficient R). Correlation coefficients were rescaled via generalized Gauss transformation and a hierarchical clustering was carried out to group phosphopeptides with similar metabolic correlations. Secondly, using a multivariate analysis with a bidimensional orthogonal projection on latent structures (O2PLS, with phosphopeptides as X-variables and metabolites as Y-variables) carried out with Simca (MKS Umetrics). The effect of each phosphopeptide in explaining the X-Y relationship was quantified using the VIP, and peptides with poor discriminating power (VIP <1) were discarded. The O2PLS analysis was then recomputed. Phosphopeptides associated with enzymes of carbon metabolism were then mapped on the loading plot (Fig. 5) .
Supplementary data
Supplementary data are available at PCP online. 
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